The contributions of active deformation dynamics in cell nuclei to the intra-nuclear positioning of hetero-and euchromatin are investigated. We analyzed the behaviors of model chains containing two types of regions, one with high and the other with low mobility, confined in a pulsating container. Here, the regions with high and low mobility represent eu-and heterochromatic regions, respectively, and the pulsating container simulates a nucleus exhibiting dynamic deformations. The Brownian dynamics simulations of this model show that the positioning of low mobility regions transition from sites near the periphery to the central region of the container if the affinity between low mobility regions and the container periphery disappears. Here, the former and latter positioning are similar to the "conventional" and "inverted" chromatin positioning observed in nuclei of normal differentiated cells and cells lacking Lamin-related proteins like mouse rod photoreceptor cell.
The contributions of active deformation dynamics in cell nuclei to the intra-nuclear positioning of hetero-and euchromatin are investigated. We analyzed the behaviors of model chains containing two types of regions, one with high and the other with low mobility, confined in a pulsating container. Here, the regions with high and low mobility represent eu-and heterochromatic regions, respectively, and the pulsating container simulates a nucleus exhibiting dynamic deformations. The Brownian dynamics simulations of this model show that the positioning of low mobility regions transition from sites near the periphery to the central region of the container if the affinity between low mobility regions and the container periphery disappears. Here, the former and latter positioning are similar to the "conventional" and "inverted" chromatin positioning observed in nuclei of normal differentiated cells and cells lacking Lamin-related proteins like mouse rod photoreceptor cell. The structure and dynamics of interphase chromosomes have been recognized to play important roles in several activities in eukaryotes such as gene regulation and cell differentiation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Recently, several mesoscopic theoretical and simulation models of chromosomes were proposed to investigate mechanisms underlying the formation of several features of intra-nuclear architecture, such as the chromosome territories, transcription factories, topologically associating domains, conventional and inverted positioning of heterochromatin. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The cell nuclei are reportedly involved in several aspects of intra-cellular dynamics, such as the oscillation, rotation and deformation driven by the dynamics of the cytoskeleton including microtubule and actin networks [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . The dynamics of nuclei often affect the positioning and structures of intra-nuclear architectures and gene expression via interactions between the chromosomes and the nuclear periphery [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [37] [38] [39] [40] [41] . Moreover, the membrane proteins such as Lamin A, B, C, and Lamin receptors anchor heterochromatin to the nuclear periphery [10, 11, [42] [43] [44] [45] [46] [47] . Thus, the influence of nuclear dynamics and the physicochemical aspects of the nuclear membrane on chromosome conformations must be elucidated to clarify the activities involved in the intra-nuclear processes and their mechanisms. However, few theoretical studies have focused on such issues.
Here, we introduce a simplified chromosome model that consists of M chains with two types of regions, one with high mobility and the other with low mobility, in a 3-D spherical pulsating container. The regions with high and low mobility are regarded as eu-and heterochromatic regions, respectively; heterochromatic regions consist of densely compacted DNA and proteins to silence transcription and hence, experience larger viscous drag than euchromatic regions. The pulsation of the container which is implemented by the temporal variations of the container's radius are employed to simulate the deformation of nuclei ( Fig. 1(a) ). Thus, by focusing on the deformation-dependent behaviors of this model, we clarify the possible contributions of nuclear dynamics to chromatin positioning.
In this model, each chain is constructed by N spherical particles with diameter d and are connected by a spring with natural length d. The motion of each particle is given as Brownian motion with each drug coefficient. The motion of each particle obeys
where x i and γ i are the position and drug coefficient of the ith particle, respectively, and η i and G are the random force working on the ith particle and its magnitude, respectively. Here, γ i = γ H for high mobility particles (H-particles) and γ i = γ L for low mobility particles (Lparticles).
The interaction potential between particles is expressed by
, where the former represents the elastic potential between two connected particles and is given by
and the latter represents the soft core repulsive potential due to the excluded volume between two particles; this is given by
with k e and k c as constants.
The motion of particle is restricted by the container; soft-core repulsion exists between the container wall and all particles, whereas short-range attraction exists between the wall and L-particles. Short-range attraction arises from the interactions between the nuclear periphery and heterochromatic regions through Lamin-related proteins. Thus, the potential is given as
with constants k w , k l and the container radius R.
We assume the container pulsates periodically by the temporally periodic variations of container's radius as
where R o , A, and ω are the basic radius, amplitude, and frequency of pulsations, respectively. The deformation of nuclei in cells is not periodic, but using this model, we can clarify the characteristics and mechanisms of the contributions of nuclear deformable motion to chromosome positioning. Additionally, we achieved the same qualitative results as obtained if R exhibits random walk in a harmonic potential field
with constant k r . Now, we focus on the segregation patterns of H-and L-particles when the following chains are confined in the container: i) H-L mixed chains: each chain consists of Hand L-particle regions connected periodically, where the length of each H-and L-particle region along the center is λ/2 (see Fig. 1 (b)); and ii) H-chains and L-chains: half of all chains consist of only the H-particle region and the other half consist of only the L-particle region (see Fig. 1(c) ). In the case of a large N , H-L mixed chains provide simple models of chromosomes containing eu-and heterochromatic regions, and H-chains and Lchains provide simple models of the euchromatin rich and heterochromatin rich chromosomes, respectively.
Here, we considered the following parameters: γ H = 1, γ L = 10, k e = k c = 1024, G = 1, and d = 1. In recent experimental observations, the volume fraction of macromolecules in the nucleus is estimated as 0.2 ∼ 0.3 [22] . Thus we focused on the case of (d/2) 3 M N/R with (a) k l = 10, (b) k l = 0. As shown in these Figures, more H-particles (L-particles) tend to distribute near the center (periphery) of the container than H-particles (Lparticles) for k l = 10, while an opposite distribution occurs for k l = 0. These trends in positioning of H-and Lparticles are similar to the "conventional" and "inverted" eu-and heterochromatin positioning, respectively, observed in nuclei of normal differentiated cells and cells lacking Lamin-related proteins like mouse rod photoreceptor cell [10, 11] .
It is easily understood that the affinity of the periphery of the container and L-particles contribute considerably to the former segregation patterns. On the other hand, if the container does not pulsate, the distributions of Hand L-particles become uniform when k l = 0 because such a system is in thermodynamic equilibrium, thus indicating that the latter segregation pattern is the result of the pulsations of the container.
To observe the contributions of the pulsations of the container to pattern formations of H-L mixed chains, we focus on the pulsating frequency dependency of H-and L-particle distributions for k l = 0. Figure 3 shows the relative radial distributions P (r) for some ω in the cases of (a) M = 1, N = 512, and λ = 64d, and (b) M = 4, N = 128, and λ = 64d. Here, P (r) = P L (r) − P H (r), where P m (r) = n m (r)/4πr 2 (m = H or L) are the respective radial particle distributions, r is the distance from the origin, and n m (r) is the frequency of m-particles in the region between r and r + dr for dr = 0.1. Here, P (r) = 0 always holds when ω = 0 (except for small errors due to the finite run time and sample number of simulations). The figures illustrate the appropriate values of ω for the segregation of the H-and L-particles. We obtained similar results for λ = 32d and λ = 128d. Similar results are obtained for H-chains and L-chains confined in the pulsating container. Figure 4 (a)-(c) show the relative radial distributions P (r) for some ω in the cases of (a) M = 8 and N = 64 (b) M = 128 and N = 4, and (c) M = 512 and N = 1 with k l = 0. As shown in these figures, the distribution of the H-and L-particles exhibits ω dependency similar to that of H-L mixed chains. However, the segregation strength becomes weak with the decrease in N . For example P (d) that gives a typical P (r) in the bulk of the container decreases drastically with the decrease in
The mechanisms underlying the pulsation-induced segregation pattern can be explained as follows. It is noted that H-and L-particles are equally compressed when the container contracts. On the other hand, after the expansion of the container, H-particles positioned at the outer region of particle accumulations diffuse closer to the pe-riphery of the container faster than L-particles. Therefore, by iterating the contractions and expansions of the container, the region near the container periphery tends to be occupied by more H-particles than L-particles. Now, we consider the case where H-particles construct long chains such that the average distance between two edges ∼ (dN ) 3/5 (that can be estimated by the arguments of self-avoiding random walk [48] ) is longer than (R o − d/2), or where each H-L mixed chain involves H-particle regions as long as (λ/2) 3/5 > (R o − d/2). In such cases, H-particles near the center are pulled by those migrating near the periphery since they often belong to the same chain or the same region. Thus, H-particles accumulate gradually near the periphery of container.
On the other hand, when the particles move individually or form only short chains, the influence of the pulsations on particles in the bulk of the container is negligibly weak because the amplitude of the pulsations of the container is not as large as mentioned belows. Thus, the segregation occurs only near the periphery of the container in such cases.
Notably, we found that L-particles tend to accumulate in the central region of the container in such smaller A = d/4 than R o = 6d for k l = 0. We also confirm qualitatively the same properties of P (r) in the case of A = d/8 although typical values of P (d) become small. Thus, such segregation does not need pulsations of large amplitude. This fact indicates that weak, but not zero, active deformation of nucleus is enough for the inverted chromatin positioning in cells without Lamin-related proteins.
In this paper, we focused on the behaviors of chains containing high and low mobility regions confined in a pulsating container to understand the contributions of nuclear active deformation dynamics to the intra-nuclear positioning of hetero-and euchromatin. We found that the positioning of low mobility regions (which corresponded to heterochromatic regions) transition from sites near the periphery to the central region of the container if the affinity between these regions and the container periphery disappears. The former and latter positioning are similar to the conventional and inverted chromatin positioning observed in nuclei of normal differentiated cells and cells lacking Lamin-related proteins like mouse rod photoreceptor cell.
Recently, some theoretical models of the transition between "conventional" and "inverted" heterochromatin positioning were proposed [21] [22] [23] . These models tried to explain the mechanism of such transitions using certain assumptions (some of which could not be verified experimentally), such as the differences of chromatin-chromatin binding affinities among hetero-hetero, hetero-eu and eueuchromatins, the difference of the characteristic length of hetero-and euchromatic regions in chromosomes. Such inhomogeneity of intra-chromosome properties may play important roles to determine the intra-nuclear chromatin positioning; however, the present results indicate that active nuclear deformation, which has been previously observed in several cells, drives the formation of "inverted" heterochromatin positioning without specific interactions among chromatins. Thus, we propose that the active nuclear deformations contribute considerably to the determination of intra-nuclear chromosome architectures in addition to the previously proposed inter-chromatin interactions.
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